INFRARED SPECTROSCOPY OF SYMBIOTIC STARS. VII. BINARY ORBIT AND LONG SECONDARY PERIOD VARIABILITY OF CH CYGNI by Kenneth H. Hinkle et al.
The Astrophysical Journal, 692:1360–1373, 2009 February 20 doi:10.1088/0004-637X/692/2/1360
c   2009. The American Astronomical Society. All rights reserved. Printed in the U.S.A.
INFRARED SPECTROSCOPY OF SYMBIOTIC STARS. VII. BINARY ORBIT AND LONG SECONDARY
PERIOD VARIABILITY OF CH CYGNI
Kenneth H. Hinkle1, Francis C. Fekel2,4, and Richard R. Joyce3
1 National Optical Astronomy Observatory, P.O. Box 26732, Tucson AZ, USA; hinkle@noao.edu
2 Center of Excellence in Information Systems, Tennessee State University, Nashville TN, USA; fekel@evans.tsuniv.edu
3 National Optical Astronomy Observatory, P.O. Box 26732, Tucson AZ, USA; joyce@noao.edu
Received 2008 August 27; accepted 2008 October 29; published 2009 February 24
ABSTRACT
High-dispersion spectroscopic observations are used to reﬁne orbital elements for the symbiotic binary CH Cyg.
The current radial velocities, added to a previously published 13 year time series of infrared velocities for the
M giant in the CH Cyg symbiotic system, more than double the length of the time series to 29 years. The
two previously identiﬁed velocity periods are conﬁrmed. The long period, revised to 15.6 ± 0.1 yr, is shown
to result from a binary orbit with a 0.7 M  white dwarf and 2 M  M giant. Mass transfer to the white
dwarf is responsible for the symbiotic classiﬁcation. CH Cyg is the longest period S-type symbiotic known.
Similarities with the longer period D-type systems are noted. The 2.1 year period is shown to be on Wood’s
sequence D, which contains stars identiﬁed as having long secondary periods (LSP). The cause of the LSP
variation in CH Cyg and other stars is unknown. From our review of possible causes, we identify g-mode
nonradial pulsation as the leading mechanism for LSP variation in CH Cyg. If g-mode pulsation is the cause
of the LSPs, a radiative region is required near the photosphere of pulsating asymptotic giant branch stars.
Key words: binaries: symbiotic – infrared: stars – stars: individual (CH Cyg) – stars: late-type – stars: variables:
other
1. INTRODUCTION
Symbioticstarsaremass-transferbinaries,containingamass-
losing red giant and a mass-accreting companion that is usually
a white dwarf. One system is known with a neutron star (Hin-
kle et al. 2006), and systems containing main sequence stars
are possible but have proved elusive to identify. Mass transfer
causes the symbiotics to exhibit highly complex light variations
and spectra. From their characteristics at infrared wavelengths,
Webster & Allen (1975) separate the symbiotics into two sub-
classes:Dfordusty-typeandSforstellar-typesystems.CHCyg
is the brightest of the S-type symbiotic stars.
The current series of papers is concerned with infrared spec-
troscopy of the late-type star in each symbiotic system. Because
velocities of this component are usually well behaved, we em-
ploy these spectra to derive single-lined spectroscopic orbits.
Theorbitalelementsprovideinsightintotheperioddistribution,
mass ratios, and orbital dynamics of these interacting systems.
Theseresultsareultimatelyofinterestinevaluatingthepotential
for catastrophic demise of the stellar components (Iben 2003).
CH Cyg was the topic of our ﬁrst paper on the infrared
spectroscopy of symbiotic stars (Hinkle et al. 1993, hereafter
Paper I). As a result of its brightness and placement in the
northern sky, CH Cyg is easily observed. Following the publi-
cation of Paper I, we continued to monitor CH Cyg with various
spectrographs and now have data spanning a period of nearly
three decades. In the intervening 16 years since the publication
of Paper I, our knowledge of M-giant variables as well as the
CH Cyg system itself has greatly increased. We ﬁnd, in agree-
mentwithmanyotherswhohaveworkedonsymbiotics(seee.g.,
Skopal et al. 1996a; Crocker et al. 2002; Sokoloski & Kenyon
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Astronomy Observatory, operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with the National
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2003b) that CH Cyg is the most complex of the symbiotics that
we have observed.
Based on velocity variations of the M iii star in the CH Cyg
system,weconcludedinPaperIthattheCHCygsystemistriple.
Two separate stable velocity variations, a long-period variation
of ∼14.5 years and a short-period variation of ∼2.1 years, were
found and are conﬁrmed and reﬁned in the present paper. In
the discussion section of Paper I, we proposed a model for
this velocity behavior that placed the symbiotic binary in the
2.1 year orbit. Our model, based on the short-period mass
function, had three underpinnings.
1. The absence of any other known S-type symbiotic with a
conﬁrmed orbital period longer than ﬁve years and a mean
period distribution for S-type symbiotic orbits of ∼two
years (Fekel et al. 2007).
2. Stellar pulsation theory showing that the two year velocity
variation is too long to be the M-giant fundamental pulsa-
tion (Hughes & Wood 1990).
3. Weak evidence at that time that the system had a high
inclination.
Becausethistriple-starmodelhasbeencontroversialandnew
information has accumulated, we decided to reexamine this
conclusion. In the present paper, we review all the evidence
and show convincingly that the triple-star model with the white
dwarf as a member of the short-period system is incorrect.W e
now conclude instead that the system is a binary with the mass-
accreting white dwarf in the long-period orbit.
Nonetheless, points (1) and (2) remain valid and are essential
tounderstandCHCyg.WhiletheCHCygsymbioticsystemhas
unique properties, we believe that the most interesting aspect of
CH Cyg is the nature of the 2.1 year variation. We show that
CH Cyg qualiﬁes as the most intensively investigated variable
star with long-secondary period (LSP) light and velocity varia-
tions. The existence and uncertain nature of the LSP variations
is highlighted by Wood (2007).
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2. OBSERVATIONS AND REDUCTIONS
In 1992, we obtained two spectroscopic observations with
the Fourier transform spectrometer (FTS) at the coud´ e focus
of the Kitt Peak National Observatory (KPNO) 4 m telescope
( H a l le ta l .1978). These observations are a continuation of the
series of 71 FTS spectra discussed in detail in Paper I. The
two observations were obtained in the 2 μm region and have a
resolving power of ∼60,000. Shortly after the two new spectra
were obtained, the FTS was decommissioned as a result of
budget cuts at KPNO.
From 1995 to 2000, we collected 25 observations with
the coud´ e feed telescope and spectrograph system at KPNO.
The detector was an infrared camera, NICMASS, developed
at the University of Massachusetts. We obtained a 2 pixel
resolving power of 44,000 at a wavelength of 1.623 μm. A
more extensive description of the experimental setup can be
found in Joyce et al. (1998) and Fekel et al. (2000). The
NICMASS equipment was sent to Mount Stromlo Observatory
(MSO; Australia) to continue the symbiotic orbit program in
the southern hemisphere. This equipment along with the 1.85 m
telescope was destroyed in a devastating bush ﬁre that burned
over Mount Stromlo in January 2003.
In 2000, three spectra were also acquired with the Phoenix
cryogenic echelle spectrograph at the f/15 Cassegrain focus of
either the KPNO 2.1 or 4 m telescopes. A complete description
of the spectrograph can be found in Hinkle et al. (1998). The
observations were centered at either 1.563 or 2.226 μm and
have resolving powers of either 50,000 or 70,000. An expanded
discussion of the experimental setup is in Fekel et al. (2000).
Phoenix was deployed to the southern hemisphere in 2000.
Finally, ﬁve spectrograms were obtained in 2007 and 2008
with the KPNO coud´ e feed telescope, coud´ e spectrograph,
and a CCD with enhanced red sensitivity, designated LB1A.
This 1980 × 800 pixel CCD was manufactured by Lawrence
Berkeley National Laboratory and is 300 μm thick. Although
this thickness resulted in increased pixel contamination by
cosmic ray and background events, the chip was used because
of its high-quantum efﬁciency at far-red wavelengths. Our
spectrograms,centerednear1.005μm,haveawavelengthrange
of 420 Å and a resolving power of ∼21,500.
Reduction and radial velocity measurement of the FTS
spectra are discussed in detail in Paper I. For the NICMASS
and Phoenix data standard observing and reduction techniques
were used (Joyce 1992). Wavelength calibration at the infrared
wavelengths of 1.563, 1.623, and 2.226 μm posed a challenge,
because the spectral coverage was far too small to include
a sufﬁcient number of ThAr emission lines for a dispersion
solution. Thus, our approach was to utilize the absorption lines
of a K iii star. Several sets of lines were tried, including CO,
Fe i, and Ti i. These groups all gave consistent results. For
the spectrograms acquired with the LB1A CCD at 1.005 μm,
we were able to use ThAr spectra for wavelength calibration.
Telluric lines are present in the 1.005 and 2.226 μm wavelength
regions. These lines were removed from our observations by
ratioing the spectra to a hot-star spectrum observed on the same
night.
For all of our spectra except those obtained with the FTS,
the absorption line radial velocities of CH Cyg were measured
with the IRAF cross-correlation program FXCOR (Fitzpatrick
1993). Those velocities were determined relative to the M-giant
International Astronomical Union velocity standards δ Oph or
α Cet, which have radial velocities of −19.1 and −25.3 km s−1,
respectively (Scarfe et al. 1990). The standards were observed
Figure 1. Our 106 KPNO radial velocities, derived from lines in the near
infrared, of the CH Cyg M-giant component plotted vs. heliocentric Julian day.
The data span nearly 30 years. A short period, 2.1 year, and a long period,
15.6 year, variation are apparent.
multiple times during the course of each night. For the FTS
spectra, which cover a wavelength range that is ∼100 times
greater than the other spectra, velocities were referenced to
telluric lines.
3. ORBITAL SOLUTION
Our 106 KPNO observations, which span nearly 30 years,
are listed in Table 1, and the velocities are plotted in Figure 1
versus heliocentric Julian date. That plot clearly shows two
periodicities. Thus, we have employed the general least squares
program of Daniels (1966) to obtain a simultaneous orbital
solution for the short- and long-period velocity variations of
CH Cyg. All KPNO velocities were given unit weight after a
comparison of the FTS velocities with those from the Phoenix
and coud´ e feed spectrographs showed that the rms values of
the velocity data sets were nearly identical. We then computed
several different orbital solutions. The ﬁrst used only the KPNO
velocities, while, similar to a solution of Paper I, the second
included the velocities of Deutsch et al. (1974), Yamashita &
Maehara (1979), and Yoo & Yamashita (1991) plus our KPNO
velocities and is designated the all-velocity solution. Weights
adopted for the non-KPNO velocities are the same as those
assigned in Paper I. As was done in that paper, we have also
computed orbital solutions with the short-period eccentricity
ﬁxed at 0.0. However, given the systematic residuals that result
from adopting such a sinusoidal ﬁt and our discussion and
conclusion about whether this short-period velocity variation
results from orbital motion or pulsation, we do not discuss the
e = 0.0 solutions any further.
A comparison of the two remaining solutions shows that the
long period of the KPNO-only solution is nearly 40 days longer
than that of the all-velocity solution, but that difference is only
0.7% and is less than the period uncertainty. Uncertainties of
the orbital parameters in the all-velocity solution are somewhat
smaller than those in the KPNO-only solution, as would be ex-
pected because of the longer baseline of data, but the parameter
values of both solutions are within those uncertainties. Thus,
in Table 2, we have chosen to adopt the more homogeneous
solution that includes only our KPNO velocities.
For the individual observations, Table 1 lists the heliocentric
Julian date, the observed total velocity, and the observed minus
calculated velocity residual (O − C) to the combined orbit.
Also computed and listed in the table are the long-period orbital
phase, the long-period velocity, which is equal to the total
velocity minus the computed short-period velocity, the short-1362 HINKLE, FEKEL, & JOYCE Vol. 692
Table 1
Radial Velocities of CH Cyg
HJD RV O − C φL VL φS VS
2,400,000 + (km s−1)( k m s −1)( k m s −1)( k m s −1)
43,913.138 −59.2 0.07 0.689 −60.49 0.493 1.37
43,917.267 −59.2 0.13 0.690 −60.45 0.499 1.38
44,263.275 −65.4 0.01 0.751 −62.09 0.960 −3.29
44,297.144 −66.2 −1.63 0.757 −63.88 0.005 −3.94
44,507.607 −60.5 0.39 0.794 −62.74 0.286 2.63
44,622.194 −63.9 −1.99 0.814 −65.55 0.439 −0.33
44,660.373 −62.9 −0.52 0.821 −64.22 0.490 0.80
44,692.110 −63.6 −0.79 0.826 −64.60 0.532 0.21
44,974.297 −68.0 −0.03 0.876 −64.60 0.908 −3.44
45,279.621 −63.7 −1.10 0.929 −65.89 0.315 1.09
45,360.478 −63.6 −0.62 0.944 −65.35 0.423 1.12
45,392.184 −61.2 1.99 0.949 −62.69 0.465 3.48
45,475.199 −64.9 −1.00 0.964 −65.53 0.576 −0.37
45,490.162 −64.6 −0.55 0.966 −65.05 0.596 −0.10
45,507.001 −64.2 0.03 0.969 −64.43 0.618 0.26
45,604.862 −66.0 −0.52 0.987 −64.70 0.749 −1.82
45,647.498 −65.5 0.64 0.994 −63.40 0.806 −1.46
45,683.282 −67.7 −1.00 0.000 −64.90 0.853 −3.80
45,721.218 −67.2 −0.07 0.007 −63.83 0.904 −3.45
45,752.156 −66.7 0.36 0.012 −63.26 0.945 −3.07
45,776.080 −66.6 −0.04 0.017 −63.56 0.977 −3.08
45,782.082 −66.4 −0.04 0.018 −63.54 0.985 −2.91
45,799.055 −65.9 −0.24 0.021 −63.66 0.008 −2.48
45,812.076 −64.9 0.13 0.023 −63.23 0.025 −1.54
45,837.034 −64.2 −0.43 0.027 −63.67 0.058 −0.96
45,948.828 −60.2 0.36 0.047 −62.31 0.207 2.47
45,986.495 −61.5 −1.28 0.054 −63.75 0.258 0.97
46,005.414 −60.3 −0.18 0.057 −62.55 0.283 2.06
46,018.341 −59.9 0.17 0.059 −62.12 0.300 2.39
46,044.386 −60.3 −0.29 0.064 −62.44 0.335 1.85
46,064.855 −60.5 −0.51 0.067 −62.54 0.362 1.53
46,107.908 −60.5 −0.48 0.075 −62.27 0.419 1.28
46,125.872 −60.5 −0.44 0.078 −62.13 0.443 1.18
46,157.791 −61.0 −0.85 0.084 −62.35 0.486 0.49
46,186.830 −61.0 −0.73 0.089 −62.06 0.525 0.33
46,223.774 −60.0 0.46 0.095 −60.65 0.574 1.11
46,310.529 −61.7 −0.56 0.111 −61.16 0.690 −1.10
46,344.562 −61.3 0.21 0.117 −60.19 0.735 −0.90
46,426.835 −63.2 −0.60 0.131 −60.53 0.845 −3.27
46,452.877 −63.2 −0.29 0.136 −60.07 0.879 −3.42
46,478.799 −63.5 −0.43 0.140 −60.06 0.914 −3.86
46,492.844 −63.0 0.04 0.143 −59.52 0.933 −3.44
46,509.786 −62.1 0.73 0.146 −58.74 0.955 −2.63
46,569.772 −60.2 0.26 0.156 −58.88 0.035 −1.06
46,696.608 −56.4 0.01 0.178 −58.50 0.204 2.10
46,721.501 −55.5 0.66 0.183 −57.72 0.237 2.88
46,748.537 −54.7 1.31 0.188 −56.95 0.273 3.56
46,818.466 −56.3 −0.38 0.200 −58.32 0.367 1.65
46,838.810 −55.7 0.26 0.203 −57.60 0.394 2.16
46,869.183 −56.9 −0.85 0.209 −58.58 0.434 0.83
46,931.016 −56.1 0.27 0.220 −57.22 0.517 1.39
46,949.766 −55.4 1.10 0.223 −56.32 0.542 2.02
47,053.636 −56.3 1.19 0.241 −55.86 0.680 0.76
47,069.749 −58.1 −0.40 0.244 −57.41 0.702 −1.09
47,113.295 −58.7 −0.38 0.252 −57.25 0.760 −1.83
47,159.503 −59.7 −0.62 0.260 −57.36 0.821 −2.96
47,201.195 −59.7 0.04 0.267 −56.60 0.877 −3.07
47,229.269 −59.6 0.40 0.272 −56.16 0.914 −3.04
47,286.152 −58.6 0.57 0.282 −55.86 0.990 −2.17
47,307.126 −58.9 −0.61 0.286 −57.00 0.018 −2.51
47,344.045 −56.9 −0.35 0.292 −56.67 0.067 −0.58
47,488.413 −53.6 0.24 0.318 −55.85 0.260 2.49
47,540.384 −54.5 −0.63 0.327 −56.66 0.329 1.53
47,783.636 −55.3 0.73 0.370 −55.16 0.653 0.60
47,985.231 −60.0 −0.57 0.405 −56.53 0.922 −4.04
Table 1
(Continued)
HJD RV O − C φL VL φS VS
2,400,000 + (km s−1)( k m s −1)( k m s −1)( k m s −1)
48,352.289 −55.5 −0.88 0.470 −57.31 0.412 0.93
48,353.143 −55.3 −0.67 0.470 −57.10 0.413 1.13
48,377.043 −54.9 −0.04 0.474 −56.52 0.445 1.57
48,440.068 −56.2 −0.63 0.485 −57.23 0.529 0.40
48,586.221 −58.6 −0.70 0.511 −57.64 0.723 −1.67
48,644.104 −58.8 0.31 0.521 −56.77 0.801 −1.72
48,736.250 −61.8 −0.99 0.537 −58.33 0.923 −4.46
48,958.250 −54.6 1.26 0.576 −56.77 0.219 3.43
49,802.024 −59.6 −0.26 0.724 −61.71 0.344 1.85
49,803.979 −59.4 −0.04 0.725 −61.50 0.347 2.05
49,874.957 −58.7 1.43 0.737 −60.34 0.442 3.07
49,923.777 −60.6 0.19 0.746 −61.80 0.507 1.38
49,997.740 −61.9 0.05 0.759 −62.26 0.605 0.40
49,999.695 −61.7 0.28 0.759 −62.03 0.608 0.61
50,000.742 −61.5 0.50 0.759 −61.82 0.609 0.82
50,162.046 −64.7 0.67 0.788 −62.32 0.824 −1.71
50,163.043 −64.5 0.90 0.788 −62.10 0.826 −1.50
50,320.682 −65.1 −0.20 0.815 −63.80 0.036 −1.50
50,385.709 −63.8 −1.14 0.827 −64.97 0.123 0.03
50,567.995 −62.0 0.33 0.859 −64.03 0.366 2.36
50,627.951 −62.4 0.48 0.870 −64.01 0.445 2.09
50,687.829 −63.4 0.15 0.880 −64.45 0.525 1.21
50,750.724 −65.0 −0.62 0.891 −65.32 0.609 −0.30
50,932.878 −67.5 0.08 0.923 −64.72 0.852 −2.70
50,981.853 −66.9 1.33 0.932 −63.45 0.917 −2.12
51,051.770 −66.0 0.87 0.944 −63.85 0.011 −1.28
51,106.744 −63.8 0.58 0.954 −64.06 0.084 0.84
51,295.020 −62.3 −0.26 0.987 −64.44 0.335 1.88
51,345.808 −61.9 0.25 0.996 −63.76 0.403 2.10
51,346.857 −61.7 0.45 0.996 −63.55 0.404 2.30
51,415.767 −61.0 1.46 0.008 −62.28 0.496 2.73
51,477.760 −60.9 1.96 0.019 −61.51 0.578 2.56
51,648.009 −65.6 −0.88 0.049 −63.50 0.805 −2.98
51,677.971 −65.7 −0.56 0.054 −63.02 0.845 −3.24
51,736.808 −65.1 0.50 0.064 −61.63 0.924 −2.97
51,831.701 −61.4 0.98 0.081 −60.60 0.050 0.18
54,271.980 −54.2 0.51 0.510 −56.42 0.304 2.73
54,272.956 −54.2 0.51 0.510 −56.41 0.305 2.73
54,592.984 −58.5 0.42 0.566 −57.43 0.732 −0.65
54,634.970 −59.7 0.13 0.574 −57.86 0.788 −1.71
54,635.982 −59.3 0.55 0.574 −57.44 0.789 −1.31
Table 2
Orbital Elements and Related Parameters of CH Cyg
Parameter Short-Period Long-Period
Orbit Orbit
P (days) 750.1 ± 1.3 5689.2 ± 47.0
P (years) 2.0537 ± 0.0036 15.58 ± 0.13
T (HJD) 2,447,293.5 ± 12.92 ,445,681 ± 192
γ (km s−1) ... −59.91 ± 0.09
K (km s−1)2 .87 ± 0.13 4.45 ± 0.12
e 0.330 ± 0.041 0.122 ± 0.024
ω (deg) 229.5 ± 7.7 216.9 ± 12.7
a sin i (106 km) 27.90 ± 12.30 345.69 ± 9.09
f(m)( M )0 .0015 ± 0.0002 0.051 ± 0.004
periodorbitalphase,andﬁnally,theshort-periodvelocity,which
is equal to the total velocity minus the computed long-period
velocity. Figure 2 presents the computed velocity curve of the
long-period orbit, compared with the KPNO radial velocities,
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Figure2.Thecomputedvelocitycurveofthe15.6yrlongperiodorbitcompared
with the KPNO radial velocities. Each plotted velocity consists of the total
observed velocity minus its calculated short-period velocity. Zero phase is a
time of periastron.
consists of the total observed velocity minus its calculated
short-period velocity. Figure 3 shows the computed velocity
curve of the short-period orbit, compared with the KPNO radial
velocities, where zero phase is a time of periastron. Each
plotted velocity consists of the total observed velocity minus
its calculated long-period velocity.
Theradialvelocityresiduals,listedinColumn3ofTable1(O
− C), were analyzed for possible additional periods. The pro-
gram PeriodoGRAM (PGRAM) was employed to ﬁt sinusoids
to the phased data for periods between 50 and 500 days in steps
of 0.05 days. This period ﬁnding program works well even for
nonsinusoidal curves, with eccentricities as large as ∼0.4. Vari-
ous subsets of data were searched in an attempt to remove false
periods. Two possible periods of ∼62 and ∼170 days appear
in the velocity residuals. However, the velocity semiamplitudes
are very small, at maximum 0.4 km s−1. Of particular interest,
we ﬁnd no period above the noise in the 90–110 day period
range, which corresponds to a photometric period of CH Cyg.
Yamashita & Maehara (1979) ﬁrst proposed an orbit for
the M giant. Despite the use of very heterogeneous data with
large uncertainties, they determined a probable period of 5750
days, very close to our value of 5689 days. Although their
semiamplitude and eccentricity are rather different from ours,
other elements are similar. We also compare our orbital solution
tothoseinPaperI.Inthatearlieranalysis,thelongperiodforthe
all-velocity solution was 5298 days, while that for the KPNO
velocities alone was 5483 days. Thus, the improved period of
ouradoptedsolution(Table2)isnearly400dayslongerthanthe
all-velocity solution in Paper I and about 200 days longer than
the KPNO-only solution given in that paper. Comparing other
elements of our adopted solution and the KPNO-only solution
of Paper I, the orbital elements are similar, but the uncertainties
of the long-period elements have been signiﬁcantly reduced.
The ephemeris for conjunctions with the M giant in front of
the white dwarf, which corresponds to times of mideclipse, is
Tconj(HJD) = 2,446,353(±192) + 5689(±47)E, (1)
whereEisanintegernumberofcycles.Theaboveephemerisfor
theeclipseofthewhitedwarfbytheMgiantpredictsmideclipse
datesofHJD2,440,664foronecycleearlierandHJD2,452,042
for one cycle later. The uncertainty of these predictions is about
240 days.
Figure3.Thecomputedvelocitycurveofthe2.1yrvelocityvariationinterpreted
as an orbit, compared with the KPNO radial velocities. Each plotted velocity
consists of the total observed velocity minus its calculated long-period velocity.
Zero phase is a time of periastron.
4. BASIC SYSTEM PARAMETERS
Paper I presented a broad introduction to CH Cyg, but
much material has been published subsequent to that time.
To understand the nature of the CH Cyg system, we ﬁrst
undertakeanextensivereviewoftheliteraturetodeterminebasic
parameters: variability, distance, luminosity, radius, rotation,
mass, mass loss, and orbital inclination. This results in a revised
picture of the system.
4.1. Variability
The photometric variability of CH Cyg was reviewed by
Muciek&Mikołajewski(1989)andMikołajewskietal.(1990a).
The mass-accreting component in the CH Cyg system con-
tributes to the ﬂux especially at blue wavelengths. During pe-
riods of strong activity, the M-giant variability can be cloaked
even inthe optical withlight generated bythe accretion process.
However, during quiescent periods, the M giant can be detected
into the blue.
CH Cyg had an extended period of quiescence from 1885 to
1963. During this interval, CH Cyg was known only as a late-
type semiregular variable star. A review of historic material
on the variability of CH Cyg by Muciek & Mikołajewski
(1989), obtained during the period of quiescence, ﬁnds that
the dominant period in the M giant is ∼100 days. During
periods of symbiotic activity the 100 day period can be hard
to detect (Mikołajewski et al. 1992; Munari et al. 1996). The
visualamplitudeofthe100dayperiodissmall,∼0.1magnitude
(Muciek & Mikołajewski 1989). The exact period depends
on the dates sampled. Mikołajewski et al. (1990a)g a v et h e
dominant period as 94 and 99 ± 2 days, while Mikołajewski
et al. (1992) found 102 ± 3 days. Mikołajewski et al. (1992)
concluded thatthe∼100 dayperiodissystematicallyincreasing
at a rate of ∼5 days per century and suggested, following the
work of Wood & Zarro (1981), that the CH Cyg M giant is
currently undergoing a helium-shell ﬂash. Mikołajewski et al.
(1990a) and Mikołajewski et al. (1992) both noted that the
∼100dayperiodimpliesthattheCHCyggiantisaﬁrstovertone
pulsator.
In addition to the 100 day period, a period of ∼770 days is
also frequently reported. Mikołajewski et al. (1992) provided
a detailed analysis of the 770 day photometric period in
CH Cyg. The photometric properties of the 770 day variation
show increasing amplitude toward shorter wavelengths, but not
in a way consistent with dust extinction. In addition, the energy1364 HINKLE, FEKEL, & JOYCE Vol. 692
distribution in the IR suggests changing spectral-type (and
temperature) during the light cycle, but there are no spectral-
type changes in the blue. While Munari et al. (1996) failed to
detect this period, Skopal et al. (2007) noted the presence of
a ∼750 day period with an amplitude of nearly 1 mag in V
photometry. The ∼750 day period is apparent in data illustrated
in Skopal et al. (2007). The symbiotic was quiescent at the time
of these observations. There is also a suggestion of the ∼100
day period in these data, but the spacing of the data is too coarse
for the period to be adequately sampled.
The simultaneous presence of both periods in CH Cyg was
reported by Payne-Gaposhkin (1954). She listed CH Cyg as
one of the families of pulsators, with an LSP and estimated
a typical long-to-short period ratio of ∼9 for these objects.
A longer list of LSP semiregular variables appears in Houk
(1963). Wood et al. (2004) asserted that the LSP stars listed in
Payne-Gaposhkin (1954) and Houk (1963) are those with the
largest amplitude secondary periods. The Houk (1963) catalog
contains only ∼1.5% of the then known long-period variables.
More recently, the fraction of local long-period variables with
LSPs is reported by Percy et al. (2004) and Wood et al. (2004)
as ∼25%–30%.
In Paper I, we noted the close agreement between the 770
day photometric period and the 750 day spectroscopic period
and assumed that both originate from the same physical mecha-
nism. We make the same assumption in this paper. Hinkle et al.
(2002),Olivier&Wood(2003),andWoodetal.(2004)detected
LSP variations spectroscopically in a number of semiregular
variables. The semiregular 100 day pulsation was not detected
spectroscopically.Scalingfromtypicalratiosofvelocitytopho-
tometricamplitudeforSRbvariables (Lebzelter etal.2000),the
CH Cyg 0.1 magnitude visual amplitude implies a ∼0.5 km s−1
velocity amplitude. This is near the detection limit for our ob-
servations (Section 3).
4.1.1. Eclipses
When the accretion disk in the CH Cyg system is active,
light from the disk dominates the blue and violet portions of
the spectrum. At such times, the optical light curve is highly
complex. Eyres et al. (2002) present a summary of recent
optical photometry. Because CH Cyg has a complex light
curve, evidence for eclipses depends critically on collaborating
evidence rather than just sudden decreases in the U-band light.
The ﬁrst claim of an eclipse of the hot component by the red
giant, occurring from 1985 May to October, was reported by
Mikołajewski et al. (1987). This was largely based on timing,
matching a U-band event to one more than 15 years earlier.
However, these decreases in light show a considerable structure
because of activity in the system. The dates of mideclipse are
JD 2440585 and JD 2446270, with the eclipse FWHM ∼200
days. The ingress is brief, perhaps 10 days. Mikołajewski et al.
(1990a) reported an ephemeris of JDmin = 2,446,275(±75) +
5700(±75)E.
Subsequent to the claim of Mikołajewski et al. (1987),
considerable evidence has been published that supports the
claim that the 1985 U-band decrease is an eclipse. Skopal et al.
(1996a)summarizedalistofﬁvechangesintheCHCygsystem
that were observed during the 1985 eclipse. These are (1) the
disappearance of rapid optical ﬂickering, (2) the dominance
of the M-giant continuum in optical spectra at mideclipse,
(3) the transition of double-peaked Balmer emission lines to
weak broad single-peaked emission lines at mideclipse, (4) the
dominance of the red side of the double-peaked emission in
Hα and Hβ before mideclipse and the dominance of the blue
emission following mideclipse, and (5) the prominence of the
nebular lines [Ne iii] 3869 Å and [O iii] 5007 Å. Items (1) and
(2)showthattheaccretorwaseclipsed.Items(3)and(4)identify
the eclipsed object as a rotating disk. Item (5) shows that the
blue–ultraviolet ﬂux level was depressed during the eclipse so
that nebular lines became visible.
ApparentconﬁrmingproofofeclipsesinCHCygcomesfrom
thepredictionandthenobservationoftheeclipseof1999(Eyres
et al. 2002; Sokoloski & Kenyon 2003b). Eyres et al. (2002)
presented UBV photometry for the 1999 eclipse, revealing that
the eclipse is not visible at V, but is clearly detectable in B and
much more pronounced in U. This is the expected enhancement
of an eclipse of a hot object by a cool star. In addition, they
ﬁnd that ﬂickering is again absent during the 1999 eclipse, just
as in 1985. The strengths of various accretion-related spectral
lines decreased during the eclipse. From Figure 5 of Skopal
et al. (2007) the mid-date of the eclipse in 1999 is estimated as
JD 2,451,425.
A major complication to this recent eclipse identiﬁcation is
that the 1999 eclipse date, JD 2,451,425, is 550 days earlier
than predicted by the ephemeris of Mikołajewski et al. (1990a)
and 617 days earlier than our ephemeris. These differences
correspond to an orbital phase shift of ∼0.1. In eclipses of
symbiotic stars, the observed eclipse is not that of the white
dwarf, which is unobservable at visual wavelengths, but rather
of a UV bright, hot spot. Three-dimensional simulations of the
symbiotic-recurrentnovaRSOphbyWalderetal.(2008)predict
an accretion disk that has a diameter 0.1 times the major axis of
the binary system. This accretion disk is surrounded by a much
larger Archimedean spiral, so there is a large area over which
the hot spot can occur. From observations of several symbiotics,
Skopal (1998) concluded that during quiescent phases of the
systems, the times of eclipses occur prior to the time of inferior
conjunction of the giant. When the systems are active, eclipses
coincide with conjunctions predicted by spectroscopic orbits.
For CH Cyg, the Mikołajewski et al. (1990a) ephemeris from
activeperiodsagreeswiththetimesofinferiorconjunctiongiven
in Equation (1). The 1999 eclipse took place during the period
of declining activity, preceding the current extended period of
quiescence (Eyres et al. 2002; Skopal et al. 2007). We suggest
that the accretion disk was undergoing changes at the time of
the 1999 eclipse.
Thedetailsofthelight-curveshapeandhydrogen-lineproﬁles
intheseeclipsesaddfurthersupporttotheeclipseinterpretation.
In all cases, the U light is brighter before the eclipse than after.
In cataclysmic systems, this is a well known eclipse hallmark.
Thepre-eclipsebrighteningresultsfromtheaccretingsideofthe
disk, facing the mass-donating star and rotating in the direction
oforbitalmotion.ForHα andHβ lineproﬁles,observedthrough
eclipse(Eyresetal.2002;Fernieetal.1986),thenegativesideof
theproﬁleiseclipsedﬁrstandreappearsﬁrst.Thus,theaccretion
disk is rotating with the side moving away from the red giant on
the leading side of the orbit.
The eclipses discussed above are associated with the
15.6 year orbit. Yet another complication in the discussion of
CHCygeclipsesisthatSkopal(1995),Skopaletal.(1996a),and
subsequent papers by Skopal claim that there are also eclipses
in the 2.1 year orbit. Skopal (1995) reported the presence of U-
band decreases spaced at ∼2.1 year intervals on the light curve.
Supporting evidence is seen in the disappearance of ﬂicker-
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yr eclipse claim Mikołajewski et al. (1990b) and Sokoloski &
Kenyon (2003b) found a general correlation of the strength of
the ﬂickering with the luminosity of the blue–violet continuum.
Sokoloski&Kenyon(2003a)suggestedthattheeventsobserved
bySkopaletal.(1996a)arenoteclipsesbutresultfromcollapses
of the inner accretion disk.
4.1.2. Flickering and Jets
Flickering is an indicator of a compact mass-accreting object
in the system. Mikołajewski et al. (1990b) found that the rapid
optical variations (ﬂickering) of CH Cyg have a period of
∼500 s. There is a range in the periods reported for optical
ﬂickering in CH Cyg, e.g., Hoard (1993) and Rodgers et al.
(1997) suggested a period in the range ∼ 2200–3000 s (for
a detailed discussion see Sokoloski & Kenyon 2003b). With
any of these timescales, the ﬂickering must originate at a hot
componentintheCHCygsystem,sincethedynamicaltimescale
for the giant, tdyn∼(R3/2GM)1/2, is on the order of a month.
Flickering is also seen in X-ray observations, conﬁrming the
white dwarf nature of the secondary (Ezuka et al. 1998).
CH Cyg is known to have both radio (Taylor et al. 1986) and
optical (Solf 1987) jets, which are approximately in the plane of
the sky. This provides a ﬁrst limit on the inclination of the orbit,
although the information from the eclipses is far more accurate.
Crocker et al. (2002) found from a time series of observations
that the jet is precessing with a period ∼18 ± 0.5 yr. While the
precession mechanism is uncertain, the period of the precession
is similar to the 15.6 year orbit, suggesting that the white dwarf
is in that orbit.
Sokoloski & Kenyon (2003a) discussed the relation between
the inner disk and the development of jets. They argued that
it is impossible to understand the jet and the optical activity
of CH Cyg without an accretion disk around a white dwarf
companion. Sokoloski & Kenyon (2003a) pointed out a strong
correlation between optical ﬂickering in CH Cyg and changes
in ﬂux. The decrease or disappearance of ﬂickering corresponds
to a decrease in the blue ﬂux. They found that this is related
to disruption of the inner disk and follows episodes of jet
production.
4.2. Distance, Luminosity, and Radius
4.2.1. Giant
Kenyon & Fernandez-Castro (1987) undertook a detailed
photometric calibration of symbiotic spectral types. From the
resulting type of M6.5 (± 0.3) III for CH Cyg, M¨ u r s e te ta l .
(1991) used a spectroscopic parallax to derive a distance of
240
+30
−20 pc. This is in excellent agreement with the 268 ±
66 pc distance based on Hipparcos observations (Viotti et al.
1997), which has been used extensively in the literature since
1997. Recently, van Leeuwen (2007) reanalyzed the Hipparcos
parallaxes resulting in a distance for CH Cyg that is nearly 10%
closer, 244
+49
−35 pc, than the Viotti et al. (1997) distance. The
uncertainties for the original and revised Hipparcos distances
have large overlap.
Biller et al. (2006) provided a ﬁt to optical and infrared
photometry of CH Cyg, using a Kurucz model spectrum for
an M6 III star and a dust model. They found a luminosity of
6900 L . This is in good agreement with the value given by
Skopal (1997) from an energy distribution encompassing the
UV through the far-IR. He determined a bolometric luminosity
of ∼8000 ± 4000 L  for a distance of 268 ± 66 pc. This
luminosity corresponds to a radius of ∼310 R .
Dyck et al. (1998) measured a 10.4 mas diameter for CH Cyg
at 2.2 μm. Assuming the 244 pc distance, the stellar radius is
then 273 R . Schild et al. (1999) found a radius of 280 ± 65
R , based on near-IR photometry. The Dyck et al. (1998) radius
can also be calibrated to an effective temperature of 3084 ±
130 K. This compares very well with the Richichi et al. (1999)
calibration for spectral-type M 7 of 3150 ± 95 K.
CH Cyg has a variable K mag ranging from ∼−0.9 to
−0.3 (Munari et al. 1996). We adopt the mean as a typical
magnitude, K =− 0.6 and J−K = 1.6. Taranova & Shenavrin
(2007) reported K-band fading, with K as faint as +0.35 and
J−K = 2.06, but this appears to be related to dust formation
episodes. With the 244 pc distance, K =− 0.6 corresponds to an
absolute K magnitude of −7.5 ± 0.4. The K-band bolometric
correction can be computed from the J−K color, following
Bessel&Wood(1984),toyieldabolometricmagnitudeof−4.3
and a luminosity of 4200
+2000
−1500 L . Assuming a temperature of
3100 K, the effective temperature–radius–luminosity relation
gives a radius of ∼224 R .
ThevaluesoftheMgiant’sbasicparameters,derivedfromthe
various analyses discussed above, are in reasonable agreement.
For the following discussion, we adopt values of L ∼ 5000 L ,
T ∼ 3100 K, and R ∼ 280 R . The corresponding bolometric
magnitude is −4.5. We note that typical radii for other giant
stars in symbiotic binaries of earlier spectral types are 100–
200 R  (Fekel et al. 2003).
4.2.2. White Dwarf
While the white dwarf in the CH Cyg system has not been
observed directly, some properties can be inferred from the
accretion process. As summarized by Karovska et al. (2007),
X-rays from CH Cyg have been detected by a number of
groups. The X-rays originate from the accretion disk–white
dwarf boundary layer as well as from a shock, where the jet
interacts with circumbinary material. Ezuka et al. (1998)u s e d
X-rayspectroscopytodeterminethetemperatureandbolometric
luminosity of the white dwarf. The luminosity derived, ∼1033
ergs s−1 (∼ 0.25 L ), can be combined with a mass–radius
relation to set a lower limit on the mass of the white dwarf of
0.44 M .
4.3. Rotation and Line Widths
Schmutzetal.(1994),M¨ ursetetal.(2000),andZamanovetal.
(2007) argued that in most S-type symbiotics, the giant star is
synchronously rotating. In the case of synchronous rotation, the
projected rotational velocity of the late-type giant can be used
to estimate the stellar radius (e.g., Fekel et al. 2008). The v sin
i value for the M giant can be estimated from the FWHM of
unblended absorption lines in the near-infrared spectra. Using
atomic lines near 2.223 μm, we apply the analysis technique of
Fekel (1997) to CH Cyg. For CH Cyg, an empirical calibration
with intrinsic line broadening of 3 km s−1 yields v sin i of 8 ±
1k ms −1.
Both the 15.6 year and 2.1 year orbits of CH Cyg are
eccentric. In an eccentric orbit, the rotational angular velocity
of the M giant synchronizes with the orbital angular velocity
at periastron. This was called “pseudo-synchronization” by Hut
(1981). Using equation (42) of Hut (1981), we calculate a long
pseudo-synchronous period of 5219 days and a short pseudo-
synchronous period of 453 days.
Assuming sin i = 1, the stellar equatorial rotational velocity
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periods, (Fekel et al. 2003) suggested a stellar radius of 825 R 
for the 15.6 year orbit or 72 R  for the 2.1 year orbit. The two
computed radii are in poor agreement with the ∼280 R  value
from the direct measurement of the stellar angular diameter.
Thusinboththelong-andshort-periodcases,therotationofCH
Cyg is not pseudo-synchronous. Other symbiotic systems with
orbital periods near that of the short period are synchronized
(Fekel et al. 2003; Zamanov et al. 2007).
InPaperI,wefoundthatforCHCyglinesofmodeststrength,
the FWHM varies by ∼ 30% over the 2.1 year period. The
pseudo-synchronous period differs by nearly a factor of 2 from
the spectroscopic period. However, the line-width modulation
is clearly occurring with the 2.1 year period. The rotational
broadening would be more than twice that observed for a period
of 2.1 yr and a diameter equal to that of CH Cyg. We conclude
that the variation in the line widths is not due to a rotational
modulation associated with star spots or plages.
4.4. Masses
The values for the stellar parameters of CH Cyg can be used
with stellar evolution theory to place additional constraints on
mass. Schmidt et al. (2006) determined a solar iron abundance
for CH Cyg. From Table (2) of Vassiliadis & Wood (1993), the
solar abundance and a bolometric magnitude of −4.5 for CH
Cyg yield an initial mass for the M giant between ∼1.5 and
3.5 M . Other arguments also suggest a mass near 2 M .I fC H
Cyg is currently undergoing a helium-shell ﬂash (Section 4.1),
the luminosity is currently near a peak, which requires a mass
near the bottom of the mass range. Based on the absolute
magnitude and effective temperature, Schmidt et al. (2006)
found log g ∼ 0 for the surface gravity of CH Cyg. This also is
in agreement with a mass of 2 M  for a radius of 280 R .
If we assume that the white dwarf is not the result of a
pathological evolutionary process, then the relation of Kalirai
et al. (2008) can be used to map the white dwarf initial to ﬁnal
mass. The initial mass of the white dwarf, which evolved from
the more massive star in the binary, had to be larger than the
initial mass of the current M giant, requiring the mass of the
white dwarf to be >0.56 M .
4.5. Mass Loss
Gas- and dust-mass-loss rates for a number of symbiotics,
based on IRAS photometry, are given by Kenyon et al. (1988).
Revising the distance to 244 pc, the dust-mass-loss rate of
CH Cyg is 4 × 10−7 M  yr−1, and the gas-mass-loss rate
is 1 × 10−8 M  yr−1. A mass-loss rate for dust, based on
near-IR photometry, was computed by Taranova & Shenavrin
(2004) and Taranova & Shenavrin (2007). They obtained ∼3 ×
10−7 M  yr−1 in good agreement with Kenyon et al. (1988).
A dust formation episode in late 2006 resulted in multiple
magnitude dimming in the J, H, and K bands plus dimming of a
few tenths of a magnitude at L and M. Assuming a spherical
symmetry for the dust shell, Taranova & Shenavrin (2007)
translated the brightness change into a mass-loss rate of 2 ×
10−5 M  yr−1.
Kenyon et al. (1988) derived a dust temperature of
400 K, considerably less than the value of 750–800 K, given
by Taranova & Shenavrin (2004). The radius of the dust scales
inversely to the dust temperature (Kenyon et al. 1988). From
Kenyon et al. (1988), Equation (5), Rd ∼ 108 AU for 400 K
dust and 19 AU for 800 K dust. The semimajor axis of the
15.6 year orbit is on the order of 8 AU, so the dust at either
temperature lies well outside the stellar orbits.
Mid-infrared imaging shows a Gaussian dust shell of ∼45
AU FWHM (Biller et al. 2006). This conﬁrms the circumbinary
nature of the dust and suggests that the dust temperature is
between the Kenyon et al. (1988) and Taranova & Shenavrin
(2004) values and in the same temperature range as found
in D-type systems (Kotnik-Karuza et al. 2007). Because the
dust is circumbinary, counter to the assumption of Taranova
& Shenavrin (2007), extinction events are no doubt due to
localized condensations (clouds) rather than large-scale mass
ejection events.
4.6. Inclination
Fekel et al. (2008) noted that the minimum inclination for
symbiotic eclipses is given by
cos(i) < (Rrg + Rwd)/a, (2)
where a is the semimajor axis of the binary, i is the orbital
inclination, and R is the radius of the red-giant and white dwarf
components. From Section 4.2.1, R = 280R . From the orbital
elements, the red-giant semimajor axis can be determined, but
it is the total semimajor axis that is required for Equation (2),
so a total mass must be assumed. For a ﬁrst estimate, we adopt
the total mass from stellar evolution (Section 4.4)o f2 . 5M .
Then from Kepler’s third law and the 15.6 year period, the
semimajor axis is 8.5 AU, resulting in a minimum inclination
of 81◦. With this estimate for the inclination, sin i, which is
criticaltoconvertingtheobservedmassfunctionintocomponent
masses, is equal to 1.0 to better than 2%.
The length of the eclipse gives more precise information
about the inclination. The eclipse duration is ∼ 200 days
(Mikołajewski et al. 1987). Ingress/egress is short compared to
the length of the eclipse, as expected, if the size of the eclipsed
UV bright spot is much smaller than the diameter of the red
giant. The 15.6 year orbit has a small eccentricity of 0.122, and,
so for simplicity, we assume the orbit is circular. The eclipse
duration is then 3.5% of the orbital period. For a semimajor axis
of 8.5 AU, the white dwarf moves 404 R  during an eclipse.
This value sets a lower limit on the diameter of the red giant.
We can compute the inclination by comparing the distance
moved during the eclipse with the 280 R  radius of the giant.
From geometry, the white dwarf traverses a path 194 R  off the
center of the M giant, giving an inclination of 84◦ .0. This is in
agreement with an estimate by Skopal (1995)o fi > 83◦, based
on the shape of the 1985 eclipse and the assumption of Rrg =
200 R .
4.7. Summary of Basic Parameters
From the above sections, we can distill a proﬁle of the
components of CH Cyg. The M-giant velocities show the
existence of both a short-period (2.1 yr) and long-period
(15.6 yr) “orbit.” However, only two stars have been identiﬁed
directly or indirectly in the CH Cyg system, an M giant and a
white dwarf. The M giant has L ∼ 5000 L  (Mbol =− 4.5),
T ∼3100 K, R ∼ 280 R , and M ∼ 2 M .T h ew h i t ed w a r f
has M 0.6 M . The M giant has solar abundances, is on the
thermal pulsing asymptotic giant branch (AGB), and is a radial
overtone pulsator with a period of ∼100 days. The CH Cyg
long-period system has an orbital period of 15.6 yr, eclipses,
and has an inclination of 84◦. These data are summarized in
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Table 3
Derived CH Cyg Component Parameters
Parameter Value Reference
Red Giant:
Mbol −4.5 Section 4.2.1
L 5000 L  Section 4.2.1
T 3100 K Section 4.2.1
R 280 R  Section 4.2.1
M 2 M  Section 4.4
White Dwarf:
L 0.25 L  Section 4.2.2
M >0.56 M  Section 4.4
Long Period Orbit:
P 15.6 yr Section 3
a 8.5 AU Section 4.6
i 84◦ Section 4.6
Circumstellar Shell:
Rinner 22 AU Section 4.5
5. MODELS OF THE CH Cyg SYSTEM
Several models have been proposed to explain the observed
properties of the CH Cyg system. In the following sections, we
brieﬂy review and comment on these models.
5.1. Mikołajewski et al. (1987)
From the rather poor radial velocities available at that time,
Mikołajewski et al. (1987) concluded that CH Cyg is a binary
withaperiod∼5700daysandalargeorbitaleccentricityof0.55.
While we have conﬁrmed the period, our radial velocities result
in a greatly reduced eccentricity. Mikołajewski et al. (1987)
estimated that the system consists of an M6 giant with a mass of
∼3 M  and a white dwarf companion with a mass ∼1 M .T h e
white dwarf is surrounded by an accretion disk formed from the
red-giant wind. Eclipses were identiﬁed in U-band light curves,
and as a result, the inclination was set to 90◦.
5.2. Hinkle et al. (1993)
Hinkle et al. (1993, Paper I) demonstrated that the CH Cyg
systemhastwoindependentsetsofvelocityvariations,a2.1year
short period, and a ∼15 year long period. They noted that other
well known symbiotic systems have orbits of about two years
andthatCHCygcanexhibitlargeamountsofactivityassociated
withmasstransfertothesecondary.Thiswaspresumedtoimply
a small orbital separation. In addition, at this time (early 1990s)
the evidence for eclipses was weak. To devise a model similar
to other active symbiotic systems, it was proposed that the
components of the symbiotic system reside in the short-period
orbit.
Paper I then used the mass function (Russell et al. 1955),
f(m) =

m3
wd sin3 i

/(mrg + mwd)2, (3)
where mwd is the mass of the white dwarf, mrg is the mass of
the red giant, and i is the orbital inclination, to derive limits
on the masses and inclination. Constraining the inclination by
the requirement that the observed jet is nearly in the plane of
the sky required a very low-mass white dwarf. The third star
in the long-period orbit was assumed to be an unseen late-type
dwarf. The model presented in Paper I was based on a moderate
inclination. As discussed in the present paper, this model is no
longer tenable due to improved knowledge of the component
masses and orbital inclination.
5.3. Skopal et al. (1996)
Skopaletal.(1996a)claimedthatbothlong-andshort-period
eclipses are present in optical photometry and spectroscopy.
They then proposed a revised three-body model. Skopal et al.
(1996b) felt that similarities between the 2.1 year period of
CH Cyg and other symbiotic systems require that the symbiotic
system be in the short-period orbit. To produce the observable
eclipses, the G-K dwarf in Paper I was replaced with a giant in
the long-period orbit. In recognition of the single-lined nature
of the spectrum, Skopal (1997) argued that the spectrum of the
giantinthelong-periodorbitisblendedwiththeM7IIIprimary,
andoneofthetwogiantsisabrightgiant.Taranova&Shenavrin
(2004) suggested that the giants be nearly identical.
This model has several problems. Mikkola & Tanikawa
(1998) found a triple system with a giant in the outer orbit to be
unstable. There is no evidence in the spectra for the other bright
giant. If two giants are present in the system, stellar evolution
requires that they have nearly identical masses. In this case, the
inclinationrequiredbythemassfunctionisrelativelysmall,and
eclipses from the inner orbit will not occur.
5.4. Mikkola & Tanikawa (1998)
Mikkola & Tanikawa (1998) proposed that there is an inner
close binary of total mass ∼4 M  with a white dwarf of mass
∼1 M  in an outer orbit. The inner orbit is at a high inclination
withrespecttothewhitedwarforbit.Activityonthewhitedwarf
is driven by a Kozai resonance which causes large eccentricity
variations in the inner binary. In the high-eccentricity state, gas
would be expelled from the red giant, causing activity on the
white dwarf. This model explains the long periods of inactivity
in CH Cyg.
The masses of the Mikkola & Tanikawa (1998) model are not
in agreement with the derived masses for the system, but the
basic model is potentially viable. We will return to this point in
discussing binary models for the short period variation.
5.5. Two-Star Models
Munarietal.(1996)registeredseveralobjectionstothetriple-
star model for CH Cyg. These included orbital stability, pro-
posed masses for the components, and modeling the photomet-
ric behavior. They suggested that the short-period variations are
pulsational, and hence, the system must be a binary. However,
Munari et al. (1996) failed to note that a 2.1 year pulsation ex-
ceedsthefundamentalperiod.Thus,ifthe2.1yearperiodresults
from pulsation, it can be neither a normal pulsation mode of the
star nor a beat between pulsation modes.
Ezuka et al. (1998) derived a minimum mass of 0.4 M  for
the white dwarf, which exceeds the limit imposed in Paper I.
They concluded that the value of the mass function determined
in Paper I is implausible. While their minimum white dwarf
mass is indeed inconsistent with the result for the 2.1 year orbit,
Ezuka et al. (1998) failed to note that Paper I presented both
short- and long-period mass functions, and the latter value is
consistent with the 0.4 M  white dwarf mass limit.
Schmidt et al. (2006) brieﬂy reviewed the controversy about
whether the CH Cyg system is a triple or binary system. They
also discussed whether the white dwarf is in the inner or outer
binary. They noted the discovery that radial velocity variations
of multiple-mode semiregular M-giants have periods longer
than the fundamental radial mode (Hinkle et al. 2002). Indeed,
CHCyghasastrongsimilaritytothesesystems,whichsuggests
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mode. If so, the long-period velocity variation discussed in
Paper I must correspond to the orbit containing the symbiotic
components, and the CH Cyg system is a binary not a triple
system. This is a viable model for the CH Cyg system, and we
will examine this possibility more extensively below.
6. THE CH Cyg SYMBIOTIC SYSTEM
Adopting sin3 i = 1 and using the masses of 2.0 and 0.6
M  that were estimated in Section 4.4, we compute from
Equation (3) a value for the mass function of 0.032 M .T h i s
value is similar to our 15.6 year mass function value of 0.051
M , but quite different from our 2.1 year mass function value of
0.0015 M . Increasing the white dwarf mass to 0.72 M , which
implies a progenitor mass of 3.3 M  (Kalirai et al. 2008),
produces a match to the 15.6 year mass function value of 0.051
M .Thismassfunctionvalueistheninagreementwithmultiple
lines of evidence, reviewed above, that require the symbiotic
components to be members of the long-period system. For the
above masses, Kepler’s third law produces a semimajor axis of
8.7 AU. Assuming that the 15.6 year and 2.1 year orbits are co-
planar and that the red-giant mass is 2.0 M , the 2.1 year mass
function requires a mass of ∼0.2 M  for a postulated secondary
star in that orbit, a point that we will return to in discussing the
nature of the short-period variation.
The masses of the dwarf and giant are, of course, related but
not uniquely constrained by the 15.6 year mass function. From
the various limits set on the values for the masses, the red-giant
mass is in the range 1.5  Mrg  3.0. From the long-period
mass function, the corresponding range for the white dwarf is
0.61  Mwd  0.92. Signiﬁcantly, all the values for masses
of the white dwarf derived from the long-period mass function
are in accord with evolutionary constraints. The mass range is
sufﬁciently small to exclude possible models for CH Cyg, with
either low- or high-mass white dwarfs (see for example Luna &
Sokoloski 2007).
Iben & Tutukov (1996) commented in their extensive paper
on the evolution of symbiotic stars that symbiotic systems are a
“nonuniform family of wide binaries, with actively interacting
components that differ in (1) the nature of their accreting
components,(2)reasonsformassexchange,and(3)thephysical
mechanisms for their observed variability.” This captures the
difﬁculty in understanding CH Cyg. Although the system is
phenomenologicallysimilartomanyS-typesymbiotics,inmany
respects it is a different type of symbiotic system. The orbital
periodof15.6yrismorethanthreetimesthatofthenextlongest
S-type symbiotic with a well deﬁned orbit (Fekel et al. 2007). In
addition, none of the previously studied S-type symbiotics have
a pulsating asymptotic giant branch (AGB) star in the system.
The D-type symbiotics R Aqr and o Cet are fundamental AGB
pulsators (Miras), while CH Cyg is an overtone AGB pulsator.
Consequently, CH Cyg has a lower mass-loss rate than the
fundamental mode Miras. However, in the CH Cyg system,
the lower mass ﬂow to the secondary is compensated by the
smaller semimajor axis. The much less studied symbiotic PU
Vul is possibly a similar system (Nussbaumer & Vogel 1996).
The Mira symbiotics R Aqr and o Cet are similar to CH
Cyg in some respects. For example, R Aqr has a jet, al-
though its 43.6 year orbital period is nearly three times that
of CH Cyg. The R Aqr system semimajor axis is 14–17 AU
(Gromadzki & Mikołajewska 2008). o Cet has a period more
than10timeslonger,∼500yr,with70AUcomponentseparation
(Prieur et al. 2002). o Cet exhibits ﬂickering on the secondary
with a timescale similar to that seen on CH Cyg (Warner 1972).
Such ﬂickering is not a common feature of symbiotic systems.
CH Cyg, R Aqr, and o Cet have all been detected at X-ray
wavelengths (Karovska et al. 2007). No doubt the comprehen-
sive information about these three objects, including the X-ray
ﬂickering, is also a measure of the detail in which these nearby
objects can be studied. X-ray ﬂickering could well be present in
other systems, but is masked by other X-ray emission from the
systems or by the larger distances to other systems.
It is interesting to compare the near-IR colors of CH Cyg,
bothoutsideandduringdust-formationevents,withthecolorsof
symbiotic(D-type)Miras.ThespectraltypeofCHCygissimilar
to that of many Miras near maximum light. Whitelock (1987)
providesinfraredphotometryforaselectionofsymbioticMiras.
When quiescent, CH Cyg occupies the domain of normal Miras
i na( J−K)–(K−L) relation. During a dust-formation episode,
the CH Cyg colors evolve along the line occupied by symbiotic
Miras. Of the symbiotic systems studied by Whitelock (1987),
CH Cyg is most similar to Hen 2-38.
Whitelock (1987) found it unlikely that symbiotic systems,
which currently contain Miras, would have been recognized as
symbiotic prior to the onset of the Mira high-mass-loss phase.
She also noted, as did Iben & Tutukov (1996), that there is
not an evolutionary relation between symbiotics. Symbiotics
are binary systems of different separations, passing through an
evolutionary phase that results in mass transfer.
A question frequently raised about CH Cyg is the cause
of the changes in the activity state of the symbiotic system.
As discussed by Mikołajewski et al. (1990a), CH Cyg was
quiescent from the ﬁrst observations in 1885 until 1963. The
interval since 1963 has been dominated by periods of activity
mixed with quiescent periods. With a 15.6 year-binary orbit and
normal M-giant mass loss, Mikołajewska et al. (1988) found
thattheBondi–Hoyleaccretionontoa∼1M  whitedwarffrom
the giant wind was lower by about an order of magnitude than
the accretion required to drive the hot-component luminosity.
A solution is that widely separated, high-mass-loss rate
symbiotic systems are undergoing wind Roche lobe overﬂow
(see for instance Podsiadlowski & Mohamed 2007). The stellar
wind in these systems is directed by the Roche lobe, and the
efﬁciency of mass transfer to the secondary is much higher than
might otherwise be expected. Models suggest mass-transfer
efﬁciencies approaching 100% instead of a few percent as
previously believed. This addresses the active states but not
the periods of inactivity. The latter have been attributed by
Sokoloski & Kenyon (2003b) to the collapse of the inner
accretion disk. We will discuss the activity of CH Cyg below in
relation to the nature of the 2.1 year variation.
7. THE 2.1 yr PERIOD
In Paper I, we assumed that both the 2.1 year photometric
and spectroscopic changes were due to orbital motion. With
the recognition that the symbiotic system resides in the 15.6
year orbit, we seek an understanding of the 2.1 year periodic
variation.
Semiregular variables obey a period–luminosity (P–L) re-
lation (Wood & Sebo 1996). From MACHO data, a number
of overtone series were identiﬁed in the LMC by Wood et al.
(1999). Since the publication of this seminal work, the relations
have been reﬁned with data from other surveys, most recently
thoseofOGLE(Soszy´ nskietal.2007).Linearpulsationperiods
calculated by Wood (2007) can be compared with the LMC data
toidentifythemodesofpulsation.Period–luminositysequences
are present for fundamental through fourth overtone pulsation.No. 2, 2009 INFRARED SPECTROSCOPY OF SYMBIOTIC STARS. VII. 1369
Figure 4. Period–absolute K magnitude plot of ﬁeld LSP stars. Each LSP star
has two periods, a normal pulsation mode and the LSP. Filled circle is CH Cyg.
Open squares are six LSP stars from Hinkle et al. (2002) and Wood et al. (2004)
that have Hipparcos parallaxes. The van Leeuwen (2007) revised Hipparcos
parallax values are used. The lines P0,P 1,a n dP 2 show respectively linear
fundamental, ﬁrst overtone, and second overtone pulsation periods from Wood
et al. (1999) for oxygen-rich opacities. The line D is the middle range of the
Wood’s D relation (see Wood et al. 1999). For ﬁeld stars the uncertainty in the
distance, indicated by the magnitude error bars, combined with the intrinsic
range in magnitude blurs the observed pulsation relations, although most of
these stars are clearly ﬁrst overtone pulsators.
CH Cyg is well established as a semiregular variable with a
period of ∼100 days. Its absolute K magnitude is −7.5 ± 0.4
(Section 4.2.1). To compare CH Cyg with the LMC relations
found by Wood et al. (1999) and others, we take a distance
modulus of 18.58 from Szewczyk et al. (2008)f o rt h eL M C .
The pulsation mode(s) of CH Cyg then can be identiﬁed from
the appropriate period–luminosity relation. The CH Cyg 100
day period and magnitude are within 0.2 mag of the relation for
ﬁrst overtone pulsation (Figure 4). This is well within the ∼0.5
magnitude natural width of the relation (Soszy´ nski et al. 2007).
In Section 4.1, the 2.1 year period was identiﬁed as a “long-
secondary period” (LSP). LSP variables are so-named, because
they all also have shorter period pulsation. LSP variables
were found by Wood et al. (1999) to obey a P–L relation (his
sequence “D”). The CH Cyg 2.1 year period is ∼0.3 magnitude
offthecenteroftheDsequence(Figure4),butagainwellwithin
the natural width of the relation. Wood et al. (1999) pointed
out that the range in the ratio of the long-to-short period is a
function of the long period and at periods near 1000 days ranges
from 5 to 15. The long-to-short-period ratio for CH Cyg is ∼8.
Derekas et al. (2006) found that no normal stars fall between
thefundamental and LSPsequences. Figure4illustratesthat the
2.1 year CH Cyg period is clearly not fundamental pulsation.
While approximately 25%–30% of all pulsating AGB stars
show LSP behavior (Wood et al. 1999; Percy et al. 2004), there
is considerable disagreement about the physical cause. Possi-
ble origins of the LSPs have been investigated by Hinkle et al.
(2002), Olivier & Wood (2003), Wood et al. (2004), Derekas
et al. (2006), and Soszy´ nski (2007), among others. Six causes
havebeenproposed:(1)radialpulsation,(2)nonradialpulsation,
(3) a low-mass companion, (4) rotating-spheroidal shape for the
star as the result of common-envelope evolution, (5) circumstel-
lar dust clouds, and (6) star spots. Of this list, two causes of the
LSPs remain viable after detailed investigations by the above
authors: orbital motion from a close, low-mass companion, and
nonradial pulsation. Wood et al. (2004) concluded that the most
likely explanation for the LSPs is a low degree g mode in the
outerradiativelayersoftheAGBstar.However, Soszy´ nskietal.
(2007) and others noted that the sequence D variables form an
extension of the ellipsoidal variable sequence. This suggests
that at least some LSPs result from extremely low-mass contact
binaries.
CH Cyg appears on the Payne-Gaposhkin (1954) and Houk
(1963) lists of LSP variables. While these authors knew that
the long-to-short-period ratio was in the range of 5–15, the
discovery that AGB variables have a period–luminosity relation
did not occur for another 25 years (Feast et al. 1989), and the
identiﬁcation of the LSP period–luminosity relation followed
10 yr later (Wood et al. 1999). Thus, it is not surprising that the
2.1 year period in CH Cyg has not been extensively investigated
as a possible LSP. However, it turns out that some of the same
arguments, which have been investigated as possible causes of
LSPvariability,havebeeninvestigatedforCHCyg.Basedonthe
speciﬁcs of the 770 day photometric variability, Mikołajewski
et al. (1992) concluded that the 770 day period is not caused
by variable extinction, as previously proposed by Mikołajewski
etal.(1990a).Mikołajewskietal.(1992)alsodismissedrotation
as a cause, since the rotational velocity required is  13 km s−1
and would produce noticeable line broadening. In Section 4.3,
the CH Cyg line width was shown to be slightly more than half
this value. Mikołajewski et al. (1992) hypothesized that the 2.1
year period might be the result of spots related to cyclic changes
in convective cells. This origin for LSP behavior was ruled out
by Wood et al. (2004).
7.1. Binary Hypothesis
Soszy´ nski et al. (2004) and others show that the sequence
of ellipsoidal variables (sequence E) overlaps Wood’s sequence
D. The period–luminosity relation requires that binary systems
causing D sequence photometric variations be contact binaries
(Derekasetal.2006).Basedontheshapeofthelightandvelocity
curves, it is apparent that the short-period system in CH Cyg
is not a standard contact binary. Velocity curves for various
contact binary systems can be found in Lu & Rucinski (1999)
and Wood (2007). Contact binary radial velocity curves have
a characteristically sinusoidal shape, because their orbits are
circular. Adams et al. (2006) found the sequence E objects in
their sample to be ﬁrst ascent, giant branch objects with very
small envelope masses, probably as the result of a common
envelopemassejectionevent.However,Soszy´ nski(2007)noted
thatiftheRochelobesarenotfull,itispossibletotransfermass,
driven by a stellar wind. In such a situation, the eccentricity can
be increased. Thus, it is of interest to discuss the binary option
for CH Cyg.
In our discussion of the symbiotic CH Cyg binary system, a
number of arguments have been used to assign mass, effective
temperature, and radius to the M giant (Section 4). In addition,
theinclinationofthe15.6yearorbitisknownfromeclipsestoan
uncertainty of less than a degree. We initially assume the simple
case of coplanar 15.6 year and 2.1 year orbits. It is then possible
tosolveforthemassofapossible2.1yearcompanion.Assuming
a2M  primary,aputative2.1yearcompanionwouldhavemass
0.2 M . Using the mass-spectral-type calibration of Baraffe &
Chabrier (1996), the hypothesized low-mass companion is then1370 HINKLE, FEKEL, & JOYCE Vol. 692
Figure 5. Polar view, to scale, of the computed orbits of the CH Cyg system. On the left, the inner and outer ellipses are the 15.6 year orbits with a red giant of mass
2 M  and a white dwarf of mass 0.72 M  (see text). The shaded circle and the dot represent the giant and white dwarf, respectively, at periastron. The shaded circle
is the scaled size (R = 280 R ) of the red giant which is assumed spherical. The plus is the center of mass of the orbit. The dashed line box is shown enlarged on
the right. The inner and outer ellipses are the 2.1 year orbits of the red giant and the low mass companion shown at periastron. The plus sign is the center of mass of
the 2.1 year orbit. The 2.1 year and 15.6 year orbits are shown coplanar (see text). The companion object in the 2.1 year orbit cannot be a white dwarf. However, we
argue (see text) that the 2.1 year orbit is not physical.
an M3 dwarf with an effective temperature ∼3200 K. This is so
similar to the much more luminous M giant that such a dwarf
would be undetectable spectroscopically. The Roche lobe radii
ofa2M  and0.2M  binaryare260R  and96R ,respectively,
in a circular orbit. However, the eccentricity e of the 2.1 year
orbit is 0.33. Thus, the Roche lobe will be constantly changing
from (1+e)a for apastron to (1−e)a for periastron. The radius
of the giant is ∼280 R , so such a system is Roche lobe ﬁlling,
and so, at each periastron passage extreme mass loss would be
expected.
In Paper I, instead of a main sequence red dwarf, a white
dwarf companion of approximately 0.2 M  was hypothesized.
We now argue that a 0.2 M  white dwarf companion cannot
exist. The presence of 2 M  star in the CH Cyg system requires
that any progenitor of a white dwarf was initially more massive
than 2 M . Such stars produce white dwarfs that are more
massive than 0.6 M  (Kalirai et al. 2008). However, we note
that 0.2 M  white dwarfs do exist; Liebert et al. (2004) reported
the discovery of such an object. Low-mass white dwarfs are
believed to result from mass transfer and common envelope
evolution with a degenerate companion. There seems no need
to invoke this evolutionary path in the CH Cyg system. Even if
suchawhitedwarfcompanioncouldexist,acontactsystemwith
anAGBstarwouldbeexceedingly active. Inaddition,theX-ray
observations of CH Cyg result in mass limits which require a
more massive white dwarf (Section 4.2.2).
Soszy´ nski et al. (2007) found that the binary star explanation
of the LSP requires the radius-to-semimajor-axis ratio to be
∼0.4. Kepler’s third law then requires a mass of 6 M  for
the dwarf. However, masses larger than 2 M  are excluded if
the stars in the system have equal ages. If the masses of the
dwarf and the giant are equal the mass function requires an
inclination of ∼8◦. This, in turn, excludes the inclined orbit
Kozai resonance model of Mikkola & Tanikawa (1998). On the
other hand, a coplanar result is also evidence that the triple
model is unphysical because triple systems are seldom, if ever,
coplanar (Muterspaugh et al. 2008).
The 2.1 year velocity variation (Figure 3) is not sinusoidal.
This provides one of the most powerful arguments against the
2.1 year binary hypothesis. In fact, the eccentricity of 0.33 is
moderately large. Polar views of the 15.6 year and 2.1 year
orbits are shown in Figure 5. Soker (2000) provides formu-
lae for computing the timescale for tidal synchronization. Be-
cause the low-mass companion does not have sufﬁcient mass
to spin up the envelope of the M giant, the synchronization
timescale is the merger timescale, ∼1000 years (Wood et al.
2004). The timescale for orbital circularization is longer than
the timescale for synchronized rotation. Merger in the synchro-
nization timescale makes thisargument mainly academic. How-
ever, the circularization timescale is also short, ∼5000 years, so
all contact binary orbits of this type would be expected to be
circular. As noted by Wood et al. (2004), there are many known
LSP systems,soeccentric orbits,even ifpossibleforone object,
could not possibly be the case for the entire class.
Soszy´ nski (2007) suggested that mass lost by the red giant in
a binary system with a low-mass star follows a spiral pattern,
producing the LSP variations. Such spiral mass loss could then
affect the symbiotic binary system. However, as discussed in
Section 4.5, infrared observations of CH Cyg require a dust
temperature which places the dust well outside the the 15.6
year long-period orbit. Furthermore, Mikołajewski et al. (1992)
found that the 770 day variation in CH Cyg, while color
dependent, was inconsistent with reddening.
These arguments provide convincing evidence that the 2.1
year period variation of CH Cyg does not result from binary
motion. For the entire LSP group, Derekas et al. (2006)u s e d
arguments based on a multivariate test of the amplitude–
luminosity relation to conclude that the LSP phenomenon is,
in general, not a result of contact binaries.
7.2. Pulsation
While it has been shown theoretically that radial pulsation
cannot be a cause of the LSPs, this is still frequently listedNo. 2, 2009 INFRARED SPECTROSCOPY OF SYMBIOTIC STARS. VII. 1371
Figure6.Aphaseplotofthecalculatedradialvelocity“orbits”oflongsecondary
periods for eight stars plus the 2.1 year period of CH Cyg. Six stars, RS CrB,
AF Cyg, X Her, g Her, V574 Oph and BI Peg are from Hinkle et al. (2002), and
two, Z Eri and S Lep, are from Wood et al. (2004). The center of mass velocity
of each “orbit” has been subtracted from the observations to produce velocity
curves with the same zero point for ease of comparison. The “orbit” of CH Cyg
is a solid line, the other stars are dashed lines except for AF Cyg, which is a
dotted line to emphasize that its “orbit” is in antiphase with the others.
among the possible causes. In the case of CH Cyg, several
authors have suggested that the 770 day period is the result of
the radial pulsation of the M giant (see Munari et al. 1996).
We emphasize that a period of 770 days cannot possibly be a
radial pulsation. The frequencies of radial pulsations in AGB
stars can be calculated as a function of bolometric magnitude
(Hughes&Wood1990;Wood2007).Thefundamentalperiodas
afunctionofabsoluteKmagnitudeisplottedonFigure4.Atthe
luminosity of CH Cyg, K =− 7.5 mag, the radial fundamental
period is ∼250 days. If the origin of the LSP is pulsational, the
pulsations must be nonradial in nature.
Spectroscopic studies of LSPs have been carried out by
Hinkle et al. (2002), Olivier & Wood (2003), and Wood et al.
(2004).TherearetworemarkablequalitiesoftheLSPvelocities.
First, the radial velocity variations among LSP stars are nearly
identical. The velocity phase curves for seven LSP stars from
Hinkleetal.(2002)andWoodetal.(2004)areshowninFigure6.
The position of these objects on the period–luminosity relation
isshowninFigure4.Althoughtheoriginalorbitforoneofthese
stars, AF Cyg, had e = 0.08 ± 0.20, given the large uncertainty,
we have recomputed the orbit with e = 0.3 as shown in Figure 6
and found a very acceptable ﬁt to the velocities, even though the
computed velocity curve is in antiphase with those of the other
stars. The 2.1 year velocity phase curve of CH Cyg matches
those of the other LSP stars. The remarkable similarity of the
“orbits” is inconsistent with both the expectation of random
orbital orientation and the circularization constraints discussed
above. The variables included in Figure 6 are large visual
amplitude LSP systems, so the similarity of velocity amplitudes
could be a selection effect.
Second, the LSP velocity variations totally dominate the
shorterpulsationperiodintheLSPobjectsstudied.Forinstance,
in CH Cyg, the overtone pulsations are not detectable in
the velocities (Section 3) and result in only a low-amplitude
photometricvariation(Section4.1).Thus,LSPvelocitychanges
are not easily differentiated from orbital motion for stars where
the photometric variation is poorly known. This could be
pervasive among suspected binary systems. A possible example
is the velocity curve of the X-ray, suspected neutron star
symbiotic binary HD 154791 (Galloway et al. 2002), which
matches the parameters of the LSP “orbits” of the stars in
Figure 6.
As noted by Wood et al. (2004), velocity curves with the
shape shown in Figure 6 can be reproduced by rotating prolate
spheroids. The symmetry of such a spheroid requires a rotation
period twice the period of the velocity curve. This period is in
agreement with 8 km s−1 measured line widths in CH Cyg. Kiss
et al. (2000) proposed a rotating-pulsating-ellipsoid model for
theunusuallightcurvesoftwosemiregularvariables.Arotating-
prolate spheroid could result from a recent binary merger, but
it is difﬁcult to understand how an entire class of variables
following a period–luminosity law could be the result of recent
mergers.
The observed properties of a rotating-prolate spheroid can
be generated by low-order nonradial pulsation. In the case of
nonradial pulsation, a period–luminosity relation would exist.
Nonradial pulsation can be prograde, i.e., in the direction of
stellar rotation, or retrograde. Unno et al. (1989) stated that
waves traveling in retrograde, as opposed to prograde, result in
identical velocity curves but with the sign reversed. This could
explain the antiphase velocity curve of AF Cyg in Figure 6.
Hatzes (1996) provides models for some low-l sectoral
(l =− m) modes. Unfortunately, the models are only for
m = 2, 4, and 6. For these modes, there are at least four sectors
around the star and the velocity variations are nearly sinusoidal.
Thevelocityamplitudedecreaseswithincreasingm,becausefor
higher m there are a larger number of velocity zones, with can-
cellingsign(Hatzes1996).TheamplitudeandasymmetryofCH
Cyg suggest an l = 1 mode. From the relations given by Hatzes
(1996), the l = 1 mode pulsation velocity amplitude is about
half of the observed velocity amplitude. An interesting aspect
of nonradial modes is that the vertical scale height is small.
Additional insight into the LSP problem comes from K to
early M red giants. For these stars, Henry et al. (2000) reported
the presence of short period, i.e. timescales of a few days to
weeks, radial and nonradial pulsations. Henry et al. (2000)
found nonradial pulsations restricted to the hot side of the
coronal dividing line at about K2. For an early K giant, the
radial periods are typically days. The K giants have secondary
periods with lengths of hundreds of days. There is considerable
uncertainty about the origin of the LSPs for these stars, as for
the M-giant LSPs. As is the case for AGB LSPs, rotation with
star spots, nonradial pulsations, and low-mass companions have
been discussed as explanations. In the case of the K0 III star π
Her, Hatzes & Cochran (1999) found the pressure scale height
for the photosphere to be a factor of 10 smaller than the radial
wavelength of the 613 day pulsations.
The hypothesis of nonradial modes in late-type giants has
been impeded by the knowledge that gravity modes are evanes-
centinconvectiveregions.Thismakestheirpostulatedexistence
inbothAGBandredgiantsdifﬁculttounderstand.Thus,Hatzes
& Cochran (1999) suggested r-mode oscillations (Wolff 1996),
whichariseinrotating,convectiveﬂuids,asanalternative.How-
ever, this alternative raises a different problem for AGB stars.
In AGB stars, the rotational period results in a pulsation period
which is too long. For r modes, the pulsation frequency is equal
to the rotation frequency for l = 1 and longer for higher modes
(Wolff 1996). In the case of CH Cyg, the rotation period is more
than twice the 2.1 year pulsation period. A solution proposed by
Wood et al. (2004) relies on the point that LSP nonradial modes
occur only in stars that also have radial pulsation. The proposal
is that radial pulsation thickens the radiative layer above the
convective layer, allowing the propagation of g modes.
Wood et al. (2004) discussed light and color variations in
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Cyg (Section 4.1) and predictions from stellar pulsation. The
reported changes in spectral-type are consistent with pulsation-
related changes in temperature. The types of variation reported
byMikołajewskietal.(1992)arefullyconsistentwithvariations
for other LSP stars and with variations expected from stellar
pulsation (Wood et al. 2004).
A complication in understanding the CH Cyg system has
been the report ofshort-period eclipses by Skopal et al. (1996a).
Wood et al. (2004) concluded that for LSP stars, the strength
of Hα is a function of phase. They interpreted this as changing
chromospheric activity. At some phases, the chromosphere is
absent, while at other phases, it covers up to 70% of the
stellarsurface.Thissamephenomenonhasbeenreportedforthe
K-giant LSP stars. For α Boo, the strength of He i 10830 Å is
correlated with the LSP (Hatzes & Cochran 1993). We suggest
that the UV changes in CH Cyg correlated with the short-period
phase found by Skopal et al. (1996a) and Eyres et al. (2002)a r e
pulsation-drivenchangesinthechromosphere.Fromthedatesof
thedeepUVminimagiveninSkopal(1995),the2.1yearorbital
phase (from the eccentric orbit) is 0.14, which is conjunction
in an orbital model or a time of null velocity movement in
a pulsational model. The absence of ﬂickering during at least
some of these events could be unrelated changes of a structure
in the white dwarf accretion disk (Sokoloski & Kenyon 2003a).
InPaperI,thechangeofthelineshapewithshort-periodphase
wasdiscussed.ThespectrallineshavethelargestFWHMatφ =
0.4–0.6. However, the lines are more narrow and symmetric at
phase0.4,becomingmoreasymmetricatphase0.8.ForKgiants,
Hatzes(1996)notedthechangeinthebisectorshape,withphase
and mode being in nonlinear pulsations. The resolution and
signal-to-noise ratio of the current CH Cyg spectra do not allow
detailed comparison, but indicate that further study would be of
interest.
A long-standing question for CH Cyg is why this star was
an M-giant spectral-type standard for the ﬁrst half of the 20th
centuryandthenbecameanactivesymbioticstar.Attheheartof
this question is the nature of the accretion onto the white dwarf
secondary.ApossiblynaiveexpectationisthattheLSPvariation
is a controlling factor in the M-giant mass loss. We speculate
that in the case of a nonradial pulsation origin for LSP, the
nonradial modes are stable but variations in the dominant mode
canoccur.Ifthedominantmodecontrolsotherstellarproperties,
for instance, the mass-loss rate or the directionality of the mass
loss, the mass transfer in a symbiotic system would change.
Observational tests employing samples of LSP variables should
be possible.
8. CONCLUSIONS
The near-infrared radial velocities of CH Cyg conclusively
show that the M giant in the system exhibits two different
velocity variations: a 15.6 year “long” period and a 2.1 year
“short” period. We have reviewed the literature on the basic
parametersfortheCHCyggiantandhaveestimateditsmassand
radius. Evolutionary arguments require an M-giant mass near
2 M . X-ray observations require a white dwarf companion
more massive than 0.44 M . Various lines of evidence but
most compellingly observations of eclipses demand that the
inclination of the 15.6 year orbit is nearly edge on. The long-
period mass function is then matched by the assumption of a
0.7 M  white dwarf.
The CH Cyg symbiotic system is an unusual one. The
separation between the giant and white dwarf is about four
times larger than that for typical S-type systems. CH Cyg is
a ﬁrst overtone pulsating AGB star, which will drive symbiotic
masstransferatalargerradius.WhileCHCygisclassiﬁedasan
S-type system, there are a number of similarities with D-type
Mira systems. Changing activity in the CH Cyg symbiotic
system is possibly related to variations in the short-period
activity.
The observed 2.1 year velocity variation is indistinguishable
fromthatseeninstarswithLSPs.LSPobjectsoccupyatrackon
the period–luminosity diagram, identiﬁed by Wood et al. (1999)
assequenceD.ThecauseoftheLSPvariations,whilediscussed
exhaustively, remains uncertain. LSP is the only theoretically
unexplained type of stellar variability (Wood et al. 2004). In the
case of CH Cyg, there seem to be only two viable options to
produce the 2.1 year period. The star could be a rotating-prolate
spheroid,perhapsastheresultofacommonenvelopephasewith
a former low-mass companion. However, with this model, it is
hardtounderstandwhytherearesomanyLSPstars.Muchmore
likely, CH Cyg is undergoing low-order nonradial pulsations
that mimic the observed properties of a rotating prolate shape.
If these are g modes, the outer stellar structure of pulsating
M giants does not follow standard models, because an outer
radiative layer is required to propagate the g modes. While this
structure change is not required for r modes, the periods of r
modes are excessively long.
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